The purpose of this study is to explore the barriers and critical success factors that affect the R&D organisational performance in Indian manufacturing scenario. Reviewing the literatures on R&D performance measurement in manufacturing organisations, this paper first brings out a number of key factors contributing to the R&D organisational performance. Based on these factors, a questionnaire survey was conducted among the different manufacturing sectors. An analysis of the responses to the questionnaire survey, together with the use of principal component analysis and factor analysis, helped in framing five constructs: R&D productivity, TQM index, roadblocks to R&D, technical competency, and effectiveness of R&D. Using these constructs, seven hypotheses were developed and tested in the framework of structural equation modelling. The results indicate that technical competency and TQM index are the key drivers to encourage the performance of R&D, which enhance effectiveness of R&D in manufacturing sectors in Indian scenario.
Introduction
Performance measurement of organisations has been the spotlight of various authors. Many authors (e.g., Kerssen-van Drongelen and Cook, 1997; Driva et al., 2000; Frattini et al., 2006) concentrate on assessment of performance of organisations; some extracts are given below to sustain the same. According to Harrington (1994) "Measurement is the first step that leads to control and eventually to improvement. If you can't measure something, you can't understand it. If you can't understand it, you can't control it. And if you can't control it you can't improve it". The performance measurement of an organisation depends on various factors, such as effectiveness, efficiency, quality, profitability, quality of work life, innovation, productivity and the technology adopted (Sink, 1985) .
According to Barney (1991) , in order for an asset to be a source of competitive advantage for a firm, it has to be: 1 valuable 2 rare 3 difficult to imitate 4 difficult to substitute.
Capability is defined as an integration of these various kinds of special assets possessed by the organisation. A firms' innovation capabilities are important in providing and sustaining its competitive advantage, and in the implementation of the entire strategy (Guan and Ma, 2003) . Innovational capability is the core of technological capability (Lee et al., 2008) . Innovational capability improves competitive and economic performance of firms (Zhang et al., 2010) .
Factors influencing research and development (R&D) practices differ from one country to another, indicating the effect of diverse socio-culture settings of the countries around the world. Indian companies have long been criticised for their low level of investment in R&D, both in India and other parts of the world. This fact has prevented them from becoming serious players in global markets (Wharton Knowledge, 2005) . Today, however, the scenario looks different, perhaps not vastly, but certainly noticeably. A few sectors like pharmaceuticals and automobiles are taking the lead in the R&D field, with expenditures rising disproportionately to sales growth (Mitra, 2007) .
In India, the total R&D expenditure is 0.85% of GDP and its position is 30th out of 80 in global scenario (National S&T Survey, 2005; Chandra, 2009; CMIE, 2009) . The researchers in R&D are 119.05 per million people and takes global position of 43rd out of 54 countries involved in research activities. Total scientific and journal articles are 14,608, which consider the 29th position out of 68 globally. Similarly, high-technology exports (% of manufactured exports) are 5.7% of GDP, which takes 53rd position out of 82 countries involved in high-technology exports.
In order to ensure the Indian manufacturing firms survival in the global market, now these manufacturing firms have to choose a more appropriate and feasible strategy that would increase their technological knowledge base as well as improve their innovational capability. India is one of the hubs for the developed nations to outsource their R&D activities. Except some specific sectors like automobiles and pharmaceuticals, the output of R&D performance of the Indian manufacturing firms has not impressed the global market still now.
In the light of the above view-points, the immediate research question that this paper attempts to answer is: which factors contribute positively, and negatively (barriers) to the R&D activities of Indian manufacturing sectors? And finally, what are their causal relationships?
The following objectives have been set for this research question: to identify the critical success factors and barriers for performance measurement of R&D organisations, group them into most prominent categories, determine the causal relationships among them and find the most influential categories that help in performance measurement of R&D activities of Indian manufacturing organisations.
The structure of the paper is as follows: Section 2 summarises, in a tabular form, the findings drawn from the past works on key performance indicators of R&D. Section 3 gives some details of the questionnaire survey. Section 4 presents the analysis of the responses to the questionnaire survey using principal component analysis (PCA) which brings out a list of important success factors and barriers and groups them into broad categories and discusses the use of SEM framework to find causal relationships among the broad categories of factors. In Section 5, the SEM approach has done to test the hypothesis. Section 6 entails the path model derived from SEM analysis and Section 7 discusses the conclusions drawn from the study.
Literature review
An extensive literature review has been carried out to find out the governing factors affecting R&D performance measurement. Many studies have ascertained the significance of performance measurement of the R&D organisations, and the correlated difficulties such as technology enablers, productivity measurement, market focus, types of measurement models and bottlenecks in R&D organisation. Two general models to assess the R&D performance of a public research lab are presented here. Roy et al. (2003) Developed model to measure the effectiveness of research units.
This study emphasises on development of a model to measure the effectiveness of research units.
Germerrad (2003)
Technical competency is an important factor for performance measurement of R&D.
Here, it is stated that developing meaningful R&D metrics is not only a technical competency but one which can be applied to other corporate functions as well. Heshmati and Loof (2005) Determined the relationship between R&D investment and productivity.
This study determines correlation and causality between sources of finance, R&D investment and productivity Kuittinen (2007) Determined the relationship between R&D investment and innovative performance.
From this study it can be interpreted that the relationship between corporate R&D investments and innovative performance is not so straight forward, however, the nature of innovation activity is strongly influenced by the industry which the firm operates in. A review and analysis of the product lifecycle, paying attention in a business and engineering perspective, is first presented as a base for the description and analysis of the interrelations among: product development, manufacturing process development and manufacturing system development focused on the entire lifecycle concept.
Lee ( A knowledge spillover is the key indicator for R&D productivity performance. Narayanan and Bhat (2009) Determined the relationship between import of technology and in-house R&D This study determines a substitutive relationship between import of technology and in-house R&D. Firm size and age also emerge significant in determining R&D intensity.
Pulkkinen and
Riitahuhta (2009) Engineering changes, product structuring and business processes.
Business operation is related to constraints on the engineering change management, product structures and product development processes. In order to reduce the time and manufacturing cost to develop a product, relationship between the product model and process model is important. Collaborative networks and product innovation performance are key factors of R&D productivity Bigliardi and Dormio (2010) The aim of this paper is to develop a balanced scorecard (BSC) model delimited for research and development (R&D) performance measurement.
The preliminary result obtained from this case study, that is a BSC model suitable for R&D, helps in the development of a general BSC model to be tested on a wide sample of firms that actively operate in the R&D field.
Griffiths and
Webster (2010) Two parallel streams of research investigating the determinants of corporate R&D exist: one from economics and the other from management.
The results suggest that most of a firm's R&D activity is explained by time-invariant factors which we believe are predominantly characteristics that are internal and specific to the firm.
The past works included in Table 1 mainly focus on factors affecting R&D performance measurement. The major factors identified in these works are described in the next section.
Certain points need to be highlighted like the ones given below. Most of the R&D organisations measure their R&D performance according to different dimensions, and, thus, studying factors underlying the R&D performance is very crucial. Factors influencing R&D performance measurement differ from country to country, research laboratory to research laboratory, firm to firm, etc. For instance, collaborative research and innovative performance are the key factors affecting R&D performance measurement in big firms (Tsai, 2009; Howells, 2008) . On the other hand, firm size and technical competency are significant determinants of R&D performance measurement in small firms (Germerrad, 2003; Narayanan and Bhat, 2009; Lee, 2009) .
The productivity focus shifts to organisational areas where the inputs and outputs are either difficult to define, to measure, or are interconnected in fuzzy and complex ways. Professional and service organisations, such as corporate R&D divisions, are typical (Brown and Gobeli, 1992) . R&D productivity comprises of 1 firm size and resources 2 organisational processes and procedures 3 R&D expenditure 4 mobilisation of R&D personnel.
Technological competency is valuable because it leads to product improvements that increase the value of the product and process improvements that reduce the firm's cost structure. The competitive advantages created from a firm's technological capabilities usually have a high degree of causal ambiguity because firms without similar technical skills have difficulty understanding why or how product and process improvements are made. The different factors involved here are: 1 quality and size of R&D personnel 2 products and processes developed 3 R&D collaboration.
TQM is considered as a prerequisite of innovation. R&D management is an appropriate resource to be used in harmony with TQM to enhance organisational performance (Prajogo and Sohal, 2006) . In spite of its inherent infrastructure facilities, skilled manpower and sound IT strength, India has not impressed much in R&D productivity measurement due to unexplored factors. Furthermore, no reported studies have attempted to clearly recognise most influential factors affecting Indian R&D performance.
Questionnaire survey
R&D performance depends on a number of factors. Factors related to barriers and critical success in respect of R&D performance measurement were extracted from the reported past works as mentioned in literature review (Table 1) , and, findings from Third National Manufacturing Survey (Chandra, 2009) . The barriers to R&D productivity performance and critical success factors for R&D productivity performance are listed in Tables 2 and 3 respectively, along with their sources.
A questionnaire was designed reflecting the barriers and critical success factors identified in the past works. Two sections of the questionnaire addressed these issues, one section devoted to each one of these issues. The barriers section contained 14 statements, whereas the section on critical success factors contained 26 statements. Each respondent was asked to indicate the degree to which he (or she) agreed with the statement in a five-point Likert scale. An example of the barrier section is as follows: supply of critical material and parts is a barrier to R&D productivity performance. Please give your rating against this statement in the scale of 1-5 (1: strongly disagree, 2: do not agree, 3: somewhat agree, 4: agree, 5: strongly agree).
Pilot testing was done by 30 personnel of various R&D organisations to ensure that no important dimensions were missed out. Taking these factors, an open questionnaire was prepared. Purpose of pilot-testing was to refine the format, add, remove and rephrase several items before sending the questionnaire out to users. After a few iterative reconsiderations and consecutive improvements in the questionnaire we have formulated the final questionnaire. The statements were refined and rephrased in the light of the feedback obtained in the pilot test prior to launching the final questionnaire survey. A cross-sectional field survey was carried out using self-administered questionnaire. 650 personnel of various R&D organisations from the different states of India were personally requested to participate in the survey, 291 responses were received out of which 262 questionnaires were properly filled. A low response of 45% indicates that most of the Indian manufacturing firms are not involved in any type of research activities, such as basic research, applied research, product development, and process development Table 2 Barriers to R&D productivity performance
Sources Barriers
Immaturity of technology
Insufficient financial support
In-house resource constraints Table 4 indicates the profile of the primary industries where the questionnaire was administered, and the number of R&D personnel who participated in the survey. Tables 5, 6 , 7 and 8 respectively show the profile of the respondents, indicate their educational qualifications, R&D-related experience, gender, and job profile. 
Analysis of the results

Profile of the respondents
Principal component analysis
PCA is one of the best known and most used multivariate exploratory analysis technique. Generally reducing the number of variables used to describe data will lead to some loss of information. PCA operates in a way that makes this loss minimal, in a sense that will be given a precise meaning. Therefore, PCA may be regarded as a dimensionality reduction technique. The goal of dimensionality reduction is to create a small set of new variables that will describe the individuals in the data base nearly as well as do the original variables, which are usually quite numerous. The new variables will exhibit less redundancy than the original variables.
A factor analysis was performed on the responses to the questionnaires with the help of the SPSS-14 package. Out of 40 factors listed in the questionnaire, 18 factors captured 87% of the total variance of the data set. A PCA was performed using varimax factor rotation to group the factors and thus determine the category of factors (constructs). Five constructs were formed. Table 9 gives the constructs and their constituent factors. It also gives various statistics (such as mean and standard deviation of scores, factor loading, Cronbach's alpha, and standardised regression weight) for each factor.
Table 9
Constructs derived from the questionnaire
Constructs and constituent factors Mean SD Factor loading
Cronbach's alpha Considering the five constructs, shown in Table 9 , hypotheses were developed. A PCA is done to capture those features in the data that help to better understand an issue of interest or to discover interesting new patterns among the relationships between variables affecting R&D performance. Each principal component provides a set of factor loadings of the indicators, which correspond to their importance for the component, i.e., the higher the loading of an indicator, the more useful it is for explaining variation in the direction of the principal component.
We conventionally decide to eliminate items with factor loading and cronbach's alpha values (Columns 3 and 4) less than 0.6 and 0.8 respectively. The extracted items after the elimination from the comprehensive list of questionnaire are given in Table 9 . The purpose of the analysis is to identify and eliminate low factor loadings and non-reliable items.
Hypotheses on causal relationships among the constructs
To establish the causal relationships among the categories of factors, we first suggest a set of hypotheses each linking a direct relationship between two categories of factors. The hypotheses are based on findings of the past works and on logical reasoning. We present below the arguments in support of each hypothesis and state the hypothesis in full.
R&D productivity and performance of R&D
In order to sustain their competitive position or to gain new competitive advantage in liberation and globalisation environments, companies need to make more investments in R&D activities (see e.g., Brown and Gobeli, 1992; Heshmati and Loof, 2005; Kuittinen, 2007) . R&D expenditures having a strong positive co-relation with R&D productivity (Ding, 2007; Guellecb and Van Pottelsberghe, 2003) .
H1 R&D productivity has a positive effect on performance of R&D.
Roadblocks to R&D and R&D productivity
Innovation risk, technological uncertainties, improper inventory policy, errors in product and process development lead complications in R&D, which reflect poor productivity in R&D organisations. It is crucial that minimising the R&D bottlenecks is the key solution to enhance the productivity of R&D organisations (Chandra, 2009) . It is essential that error free R&D organisations having a better market share to stay competitive in the global market and a better productive R&D organisation minimises the complications in R&D. Therefore, it is expected that roadblocks to R&D will have a negative effect on R&D productivity. H2 Roadblocks to R&D organisation has a negative effect on R&D productivity.
Technical competency and performance of R&D
Technical competency facilitates a firm to offer a greater variety of valuable, rare, unique and differentiated products, and therefore lead firms to higher R&D performance (Barney, 1991; Hitt et al., 1994; Zahra et al., 2000) . Improving the technical capability is an important tool for enhancement of performance (Sunil, 2001 ). The conclusions reached in these past works lead to the following hypothesis:
H3 Technical competency has a positive effect on performance of R&D.
Roadblocks to R&D and TQM index
Most of the R&D organisations are facing intra-organisational barriers in the shape of innovation risk and unavailability of critical material to drive the R&D organisations in effective way (Sen and Rubenstein, 1989) . Innovation risk and technological uncertainties can be covered through collaborative network. Collaborating with customers is another important technique for a firm to improve the performance of R&D organisations (Gupta et al., 2000; Fritsch and Lukas, 2001; Brockhoff, 2003) . R&D organisations should be designed with cross functional team with innovativeness and productiveness, drive out the fear against innovation risk, technological uncertainties, and thus support to the following hypothesis: H4 Roadblocks to R&D has a negative effect on TQM index.
TQM index and performance of R&D
TQM is considered as a prerequisite of innovation. R&D management is an appropriate resource to be used in harmony with TQM to enhance organisational performance (Prajogo and Sohal, 2006) . The integration of TQM and R&D management was built integrating the firm's dynamic capabilities between exploitation and exploration (Benner and Tushman, 2003) . From the above arguments, it can be hypothesised that TQM index and performance of R&D are positively correlated.
H5 TQM index has a positive effect on performance of R&D.
Technical competency and R&D productivity
It is essential that sound R&D organisations having a better market share to stay competitive in the global market. A number of researchers have highlighted the importance of knowledge and scientific capabilities to competitive advantage (Deeds et al., 1997; Henderson and Cockburn, 1994; Hill and Deeds, 1996; Kogut and Zander, 1992; Petraff, 1993) . It is particularly important for an organisation concerned about its future success to be preemptive in its development and alignment of competencies in order to lead the way into new products and services (Hamel and Prahalad, 1994) . In many cases, research is more than just performance driving technologies for future products and these assertions lead to the following hypothesis:
H6 Technical competency has a positive effect on R&D productivity.
Performance of R&D and R&D effectiveness
The R&D effectiveness index provides insights into the dynamics of the product development process and how it affects profitability. In fact, the R&D effectiveness index itself is the result of key drivers of the product development process (McGrath and Romeri, 1994) . The R&D effectiveness index is an aggregate measure of the overall success of a company's R&D performance efforts. It fills the void for an overall metric at a level above individual products and development projects, and provides management with a tool to measure the long-term effectiveness of its product strategy and product development process (Griffin and Page, 1993; Morbey, 1988; Wheelwright and Clark, 1992) . These observations support making the following hypothesis: H7 Performance of R&D has a positive effect on R&D effectiveness.
The SEM approach
Structural equation models (SEMs) describe relationships between variables. They are similar to combining multiple regression and factor analysis. SEMs also offer some important, additional benefits over these techniques including an effective way to deal with multi-collinearity, and methods for taking into account the unreliability of survey response data.
Structural equation modelling (SEM) is recognised as a more comprehensive and flexible approach to research design and data analysis than any other single statistical model (Lattin et al., 2009 ). It takes a confirmatory approach that specifies inter-variable relations a priori, and estimate measurement errors explicitly (Maruyama, 1998) . Therefore, the use of SEM in a confirmatory way is recommended especially if the purpose is to conform or reject the proposed hypotheses (Hafeez et al., 2006) .
In comparison to other multivariate techniques, SEM applies only the variance/covariance or correlation matrix as its input data. Therefore, focus of SEM is not to be understood as individual observation, but as a pattern of relationships across the samples (Hair et al., 2005) . In addition, SEM is a comprehensive statistical approach to test hypotheses about relations among constructs shown in Table 9 . Every construct is linked to at least one variable that is measurable, thus making its measurement feasible (Bryrne, 1998) .
Collecting the responses of questionnaire on a linguistic scale of strongly disagree to strongly agree, descriptive statistics were computed for responses to each statement in the questionnaire. The stem-and-leaf plots indicated that the data were normally distributed. The skewness of the distributions ranged from -1.09 to 0.46, and the kurtosis ranged from -1.13 to 0.53 -insisting normality of the data and justifying the use of SEM on our data.
Hypothesis testing
The SEM approach was used to test the hypothesis. The SPSS AMOS 4.0 programme was used for the purpose (Figure 1) . Figure 2 is a path diagram showing the hypothesised relationships among the constructs. The arrows indicate the direction of influence, and the numbers appearing on the arrows indicate the associated standardised regression weights obtained after using the AMOS 4.0 software package. The weights are significant with p < .01 each. Table 10 gives the computed values of various indices. Columns 1, 2, and 3 give the chi-square (χ 2 ), degree of freedom (DF), and their ratio respectively. Column 4, 5, and 6 give the value of goodness of fit index (GFI), normalised fit index (NFI), and root mean square error approximation (RMSEA) of the model. The parameters indicate that the model is reliable (Arbuckle, 1997; Hafeez et al., 2006) and we can use this model to predict the relationships among the constructs. Column 4, 5, and 6 give the value of GFI, NFI, and RMSEA of the model. Here, GFI and NFI values are more than 0.9 and RMSEA value is less than 0.05, which justify the fitness of the model. The parameters indicate that the model is reliable (Arbuckle, 1997; Hafeez et al., 2006) and we can use this model to predict the relationships among the constructs. 
Results and discussion
The path analysis presented in Figure 2 is based on the empirical data collected from various manufacturing R&D organisations from India. The standardised regression weight indicated on the branches in the path diagram was used to accept or reject the hypothesis. Following Hair et al. (2005) , Hung and Lu (2008) , and Lattin et al. (2009) , the hypotheses corresponding to standardised regression weight less than 0.1 were refuted. All the seven hypotheses were supported at 1% level of significance (Table 11) . This study focuses significant perceptivities related to the importance of R&D performance measurement of Indian manufacturing organisations. The specific results of the survey and the interpretation of the results obtained in the context of objectives as set are summarised below.
• Table 11 shows that the standardised regression weight takes the highest value (0.947) for the positive effect of TQM index on performance of R&D and encourages the R&D effectiveness.
• Roadblocks to R&D puts barrier to achieve TQM index and R&D productivity, which affects the performance of R&D severely.
• Technical competency is a key capability for R&D productivity, which enhance the performance of R&D productivity. Finally, better performance of R&D accelerates the R&D effectiveness.
Conclusions
Performance measurement of R&D activity is gaining increased importance because the effectiveness and efficiency of these activities not only determine a firm's competitive advantage, but its very survival. However, the complexity of measurement problems in R&D organisations has resulted in a situation where there is a scarcity of generally accepted techniques.
In this paper, an attempt has been made to study and identify the factors for success and barriers of performance measurement of R&D of Indian manufacturing organisations. An analysis of the responses to the questionnaire, together with the use of factor analysis and PCA, helped in framing broad constructs of factors. Using these broad categories of factors, a number of hypotheses have been developed to find the causal relationships among them.
In this study, we analysed the structural relations among R&D productivity, technical competency, TQM index, R&D effectiveness, and roadblocks to R&D. This empirical research outcomes based on the fitted SEM brings interesting results. The results indicate that TQM index and technical competency hold the key to achieve the R&D effectiveness in Indian manufacturing organisations. Different components such as R&D cycle time, quality and size of R&D personnel, R&D collaboration, and products and processes developed should be strengthen to create a support to technical competency and TQM index. TQM introduces new concepts to the process and presents a collaborative learning opportunity with opening the dialogue channels within and between the organisations. It is believed that the capability of technology by R&D firms plays a positive role in improving their performance and driving overall economic growth. Research and Development managers can utilise the feedback information found from SEM analysis for the enhancement of R&D performance. The study presented here will help the research and development managers in identifying the areas in which they need to focus their attention in order to improve research and development performance.
